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Temperature strongly influences the locomotor performance of animals. The effect of temperature on locomotion has been widely studied in lizards (Bennett, 1980; Hertz et al., 1983), and many species exhibit an 'optimal' temperature for locomotor performance. Comparable data for chelonians are lacking, although some investigators have examined swimming in sea turtles or have determined the speed of hatchling turtles on land (Dial, 1987; Miller et al., 1987) . Most of the work conducted on turtles involved forced locomotion induced by nociceptive (i.e., injurious or potentially injurious) stimuli, and previous studies have not specifically examined the effects of temperature on the terrestrial locomotion of chelonians.
This study combined field and laboratory investigations to elucidate the effects of temperature on box turtle locomotion. We expected to find clear evidence of behavioral thermoregulation in the field and we hypothesized that turtle locomotion should be strongly temperature dependent with maximal performance near the preferred temperature.
METHODS AND MATERIALS
Locomotor studies.--Twenty-four turtles were captured in the area surrounding Oxford, Ohio between May and Aug. 1986. They were transported to the laboratory where they were maintained in a stock tank (1.14 m x .58 m) con-? 1989 by the American Society of Ichthyologists and Herpetologists taining 5 cm of commercial rodent bedding. We kept the turtles under standard conditions of temperature and light (24 h/d at 22 C, 12L: 12D), and changed their food (a variety of fruits, vegetables, earthworms and crickets) and water daily.
We moved the turtles, 24 h prior to the initiation of testing, to a second stock tank located within an environmental chamber maintained at a specified temperature (?0.5 C). They remained in this chamber throughout the subsequent 5 d testing sequence. We conducted the definitive tests from 21 Jan.-17 April 1987. The turtles were tested, in order, at temperatures of 14.0, 9.7, 28.4, 19.0, 31.9, and 24.0 C. We conducted two additional experiments to test the null hypotheses that conditioning and duration of captivity do not affect locomotor performance: from 28 April-2 May 1987, 11 of the original 24 turtles were retested at 14.0 C and on 17 May 1987, 10 additional turtles were collected in the Oxford area and then tested at 14.0 C and 28.4 C. For all testing, we placed each turtle individually on the racetrack, within the environmental chamber, once per day on each of five consecutive days. The turtle walked down the track independent of external stimuli. If the turtle did not move forward after 1 h had passed or if the turtle turned around before completing the run, we removed it from the track. We weighed each turtle immediately after testing, if any locomotion data were collected.
We designed a wooden 3.66 m U-shaped racetrack (20.32 cm wide x 15.24 cm high) to measure the speed of the turtles. Foam plastic sheeting cut to size and placed in the bottom of the track provided adequate traction. Each turtle was required to walk the distance of the track. They then continued to walk off the track and entered a cardboard box (51.5 cm x 41 cm) positioned at the end of the track. Once a turtle had entered the box, it was prevented from reentering the track by a hinged plexiglass gate.
Infrared and visible light systems, connected to digital stopwatches, were used together to measure the speed of each turtle. We positioned detectors at 0.5, 1.0, 1.5, 2.0, and 3.5 m from the beginning of the track. Each turtle had a lightweight flag (4.7 g) made of styrofoam board taped to its shell in order to trip the detectors which were placed 9.5 cm (infrared) and 14 cm (visible light) above the bottom board.
We used a remote VHS observation system to monitor turtle locomotion. Locomotor patterns were observed at all temperatures and various gait parameters (e.g., strides/m and number of stops) were measured. Wire switches, positioned at 0.5, 1.0, 1.5, and 3.5 m from the beginning of the track, turned on low wattage bulbs positioned on a light board that was remote from the visual field of the turtle. This light system aided in accurately counting the number of steps taken by a turtle per meter on the track. We counted the number of strides by observing the back left leg of each turtle. Testing was done on five consecutive days to investigate the effects of thermal acclimation on voluntary locomotion. We noted the effect of acclimation time on: 1) the total time stopped in the first meter; 2) the total time taken to walk the first meter; 3) the mean number of strides; 4) stops in the first meter; 5) change in weight; and 6) the fastest non-stop speed of the turtle at the differing temperatures. We ran an ANO-VA with factors turtle and day on the data from the 5 d and compared the data statistically using a least significant difference multiple comparison. Because of missing cells, this was performed by means of a least squares means test on statistical analysis system (SAS) (SAS, 1982) and all means reported below represent least squares means. We also used this test to compare the data on each locomotor variable collected at the six different temperatures. Correlations were computed when significance was evident in order to elucidate any existing trends. To monitor the body temperatures (Tb's) of turtles in the field, we captured six T. c. carolina and took them to the laboratory. We had previously calibrated temperature sensitive radiotransmitters (Model L Mini-Mitter) in a series of water baths of known constant temperature. While each turtle was under cold anesthesia, we drilled a hole of approx. 3 mm in diameter through the seventh lateral scute from the front on the right side. We inserted the transmitter probe approx. 1.5 cm into the peritoneal cavity through this hole in the carapace. The turtles were restrained with strapping tape, and transmitters were secured with fiberglass on their posterior carapace. We then released the turtles in the woods at the location of capture within 24 h. An antenna and receiver were used to locate the turtles, at regular (i.e., every 7-14 d) intervals. When each turtle was found, we recorded the number of transmitter clicks per 100 sec and later converted these counts to Tb's based on the calibration curves for the individual transmitters. We also recorded ambient temperatures (Ta's) by measuring the shaded air temperature on the ground beside each turtle, or the adjacent soil temperature for animals buried within a hibernaculum. In addition, we noted the location of each turtle, the time of day, and a description of the microhabitat. significantly from comparable values obtained earlier in Jan. (Table 1 ). The only significant difference was in the number of strides taken in the first meter. Although significant, the percent difference between the number of strides taken in Jan. and May was small (5.3%) and may have been partly due to the 3.1% increase in mean body mass over the time period, even though this mass change was not itself statistically significant. Finally, the locomotor variables of turtles held for up to 9 mo in captivity did not differ significantly from those of other newly captured animals tested at 14.0 and 28.4 C. At 9.7, 19.0, and 28.4 C, the number of strides taken in the first meter was significantly correlated (P < 0.05) with body mass (Fig. 1) . No significant correlation existed between body mass and the other locomotor variables. All locomotor variables of captive turtles differed significantly (P < 0.05) over the six testing temperatures, though neither mean mass nor mean number of stops in the first meter was significantly correlated (P > 0.05) with increasing temperature. The mean number of strides taken in the first meter ( Fig. 2A) and mean total time stopped in the first meter (Fig. 2B ) both decreased significantly with increasing temperature, whereas the mean fastest non-stop velocity (Fig. 2C) and mean velocity computed from the total time taken to walk one meter (Fig. 2D ) significantly increased. The body temperatures of the field Eastern box turtles ranged from -1.4-34.9 C and were clustered about the corresponding ambient temperatures (Fig. 3) . The relationship was linear (r = 0.97) and the points are clustered about the isotherm.
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Because our box turtles were tested repetitively and the acclimation time-course was unknown, we examined the data for training or acclimation effects. Londos and Brooks, 1988) studies. Prolonged captivity also appeared to have little or no effect on the locomotor performance of our box turtles.
We maintained the captive turtles in the laboratory from Aug.-May. They were tested at differing temperatures over this time period. The body masses of the turtles ranged from 94.8-498.0 g and also gradually changed over this time period. Although body mass varied with test temperature, the only mass significantly different (P < 0.05) from the mean mass at 9.7 C was that at 24.0 C. This probably was affected by the order in which the temperatures were tested. Overall, the turtles gained mass over the 6 mo testing period. The turtles, however, ate very little while being tested at 9.7 C. The mean masses were the lowest at the testing temperature (28.4 C) that followed 9.7 C, but the turtles did gain mass over this 5 d testing period. The mass of the turtles was most likely not directly dependent on temperature to any large degree but rather gradually increased over time with a transient decrease induced by inanition during exposure to 9.7 C.
We evaluated locomotor performance in relation to the body masses of the captive turtles at test temperatures of 9.7, 19.0, and 28.4 C. The number of strides taken in the first meter was the only locomotor variable which was significantly correlated with body mass. A similar relationship was observed at all three temperatures (Fig. 1) . The scaling exponents derived from log-log plots of stride length vs body weight ranged from 0.23-0.29. For mammals, the scaling exponent of stride length with body mass is 0.38 (Heglund et al., 1974) . For the lizard, Amphibolurus nuchalis, the scaling exponent of stride length for hind limb span is 0.3 (Garland, 1984), which is closer to the values of the present study.
Body mass of our box turtles did not significantly affect the total time stopped or the number of stops. The lack of correlation of speed (mean fastest non-stop velocity) with body mass disagrees with some lizard studies. Maximum speeds of the agamid A. nuchalis (Garland, 1985) and of lacertids (Avery et al., 1987b) increase with body mass. The burst speed of the iguanid, Ctenosaura similis, is, however, mass independent (Garland, 1984).
Our turtles took significantly more strides per meter (i.e., had smaller stride length) at the 9.7 C testing temperature than at the other temperatures ( Fig. 2A) . This could be due to the fact that the turtles stopped frequently at this The total time the turtles stopped within the first meter also was dependent on temperature (Fig. 2B) . Disregarding the highest temperature, as the temperature decreased, the total time the turtles stopped increased. At 31.9 C the total time the turtles stopped was greater than at 28.4 C. This suggests that the 'optimal' temperature for voluntary locomotion may be below 32 C. However, the mean fastest nonstop velocity of the box turtles increased with increasing temperature (Fig. 2C) and reached a maximum value of 0.049 m/sec at 31.9 C.
The thermal dependence of box turtle velocity between 10 and 20 C was quite high (Fig.  2C) The relationship between speed and temperature is apparently linear for the Eastern box turtle (Fig. 2C) . This is similar to the responses of the anurans, B. boreas and R. pipiens (Putnam and Bennett, 1981), and of garter snakes (Heckrotte, 1967; Stevenson et al., 1985), but contrasts with the locomotor responses of lizards, which typically exhibit a clear optimum temperature range. It is possible that tests at higher temperatures would have revealed a decrease in velocity and, indeed, the data on mean velocity, which incorporates total time stopped (Fig. 2D) suggest an optimum temperature between 24.0 and 31.9 C. The motivational component of voluntary locomotion is considerably greater for total distance moved per unit time than for maximal non-stop velocity. The absence of a clear optimum temperature range for maximum voluntary speed (Fig. 2C) makes it difficult to neatly categorize box turtles as either thermal specialists or generalists. However, their voluntary locomotor activity over a broad range of body temperatures, coupled with field observations on turtle movements, argues for classification as generalists.
The field data (Fig. 3) reveal that box turtles in our study population rarely attained body temperatures in excess of 31.9 C (the highest temperature tested in the laboratory). On many occasions, the turtles could have achieved higher temperatures, yet failed to do so. Although we occasionally observed turtles basking in the field, we saw little evidence of well-developed behavioral thermoregulation comparable to that observed in many lizards (Cowles and Bogert, 1944). The body temperatures of our turtles varied seasonally and were generally similar to those reported by Russo ( The maximum velocities of running urodeles seem quite comparable to the voluntary and forced data for turtles, whereas the forced locomotion speeds of terrestrial anurans are somewhat greater (Fig. 4) . Lizards, not surprisingly, run much faster than turtles, with sprint velocities ranging over about two orders of magnitude, from a chelonian-like 0.11 m/sec for a chameleon (Abu-Ghalyun et al., 1988) to 9.61 m/sec for an individual Ctenosaura similis (Garland, 1984) . In spite of this large range, the variance for lizards is quite low, with 34 out of 37 observations (see Appendix) falling between 0.7 and 2.7 m/sec. The mean of 1.67 m/sec is 34 times the maximum voluntary velocity of box turtles. The mean sprint velocity for snakes is 13.5 times our turtle value. However, these squamate sprint velocities (Fig. 4) were recorded under stressed conditions whereas locomotion in the present study was voluntary and presumably non-stressed.
The few reports of voluntary locomotion in lizards and snakes ( Fig. 4; Appendix) 
